Abstract. In order to achieve both high-efficiency drive and low-jerk mode switch in FRMDEVs, a drive control strategy is proposed, consisting of top-layer torque distribution aimed at optimal efficiency and low-layer coordination control improving mode-switch jerk. First, with the use of the off-line particle swarm optimization algorithm (PSOA), the optimal switching boundary between single-motor-drive mode (SMDM) and dual-motor drive mode (DMDM) was modelled and a real-time torque distribution model based on the radial basis function (RBF) was created to achieve the optimal torque distribution. Then, referring to the dynamic characteristics of mode switch tested on a dual-motor test bench, a torque coordination strategy by controlling the variation rate of the torque distribution coefficient during the mode-switch process was developed. Finally, based on a hardware-in-loop (HIL) test platform and an FRMDEV, the proposed drive control strategy was verified. The test results show that both drive economy and comfort were improved significantly by the use of the developed drive control strategy.
Introduction
To relieve the pressure caused by the fossil energy crisis and environmental pollution, the development of electric vehicles (EVs) has attracted a large amount of attention from the automobile industry owing to the abundant ways of generating electricity with low or no emission [1, 2] . FRMDEVs with independent drive motors on the front and the rear axle offer great flexibility for performance optimization [3, 4] . Plentiful achievements have been obtained in the improvement of dynamic, stability and safety performance of FRMDEVs [5] [6] [7] . Torque distribution between front and rear motors aimed at both highefficiency drive and comfortable mode switch is of great importance but has still been insufficiently studied.
Currently, rule algorithms and optimization algorithms are the most commonly used methods to develop torque distribution strategies with the goal of economy optimization [8] [9] [10] . The former method can be applied in engineering but is unable to achieve optimal drive efficiency. The latter method can improve drive economy effectively but with bad real-time performance. Consequently, to create a torque distribution strategy that can balance both efficiency optimization and engineering application is of great importance. Furthermore, different from mode-switch jerk in hybrid electric vehicles, which is mainly caused by the response difference between the engine and the motor [11] [12] [13] , the response difference between the front motor and the rear motor of FRMDEVs is unobservable [14] . Consequently, it is still unclear whether the mode-switch jerk of FRMEDVs is significant. More importantly, if it is significant, the coordination control strategy is still unconfirmed.
Given the above analysis, in this study, a drive control strategy for FRMDEVs that can balance economy and mode-switch comfort was investigated. First, a top-layer torque distribution strategy aimed at optimal driving efficiency was formulated based on the response surface method. Then, mode-switch jerk was tested and a low-layer torque coordination control strategy was developed. Finally, the vehicle control strategy of an FRMDEV was modeled based on Simulink/MotoHawk to verify the drive control strategy. Owing to the multiobjective control strategy developed in this study, both drive economy and mode-switch jerk of the FRMDEV were improved significantly, which lays a foundation for the development of a new drive control method and the improvement of FRMDEV performance.
The Top-Layer Torque Distribution Strategy
In this section, firstly, the characteristics of the FRMDEV are specified. Secondly, the loss caused by the non-work motor is analyzed based on a test that was conducted. Thirdly, a fitness function developed for PSO is created based on THE HALTON sequence method. Finally, the top-layer torque distribution strategy is developed and verified.
Configuration of the FRMDEV
In the FRMDEV shown in Figure 1 , the powertrain system consists of a permanent magnet synchronous motor (PMSM) in the front, an induction motor (IM) in the rear, and two one-speed transmissions on the front and the rear axle. A CAN bus is used to achieve the communications between the vehicle control unit (VCU) and the front motor control unit (MCU), the rear MCU and the battery management system (BMS). For any normal driving operation there are three VCU modes to choose from, i.e. single-IM-drive mode (mode 1), single-PMSM-drive mode (mode 2) and dual-motor-drive mode (mode 3). 
Losses Caused by Motored IM and PMSM
For the torque distribution strategy aimed at optimal driving efficiency of the dual-motor powertrain system, the effect of the non-work motor under singlemotor-drive mode needs to be dealt with as there still exists resistance in the motored motor. As shown in Table 1 , the resistances caused by the motored IM and PMSM increase with the increase of the motored speed. Table 2 ), the actual power losses of the dual-motor system were tested under three modes. As for mode 1, if the effect of the non-work PMSM is not taken into account, the driving loss caused by the IM is about 120 W. However, for the given driving operation, the IM actually needs to output extra torque (2.6 N.m) to cover the drag caused by the motored PMSM, which is equivalent to vehicle resistance. Consequently, the tested power loss is 151 W rather than 120 W, which also applies to mode 2. As for mode 3, T d is equally distributed to IM and PMSM. Consequently, the ideal system power loss is equal to the actual one, as there is no motored loss in the dual motors. Note: the ideal system power loss designates the driving loss of the dual-motor system without considering the non-work motor, while the actual system power loss takes the effect of the non-work motor into consideration under the SMDM.
Design of Fitness Function
Given the above analysis, it can be confirmed that when a PSOA [15] is designed aimed at minimal system power loss, the effect of the non-work motor should be dealt with. Consequently, as shown in Figure 2 , for any of the random drive operations designed based on the HALTON sequence method, the fitness function of system power loss under this operation can be expressed as follows. Taking operation number i as an example, for mode 3 (0 ＜ β ＜ 1), the fitness function can be designed as follows:
where F it (β) is the fitness function of PSOA. β is the torque distribution coefficient, which is defined as the ratio between the torque distributed to IM and the total one required by driver. P sm_i (β) and P im_i (β) are the power losses caused by PMSM and IM. Both can be modeled as follows:
where T di is the torque required by the driver under operation number i. P ls is the function for the loss caused by the motor, which can be confirmed based on the motor loss tested under different operations. P pub is a penalty function designed to prevent too much torque being distributed to one motor. V i is the vehicle speed under operation number i. T se and T ie designate the nominal torque of the PMSM and IM, respectively.
For mode 1 (β = 1), the additional power loss caused by the PMSM should be dealt with. The fitness function under this mode can be expressed as follows:
where T di_c is the actual torque output from the drive motor. T sm_mt and P sm_mt are the equivalent torque and power caused by the motored PMSM.
For mode 2 (β = 0), the additional power loss caused by the IM should be dealt with. The fitness function under this mode can be expressed as follows:
where T im_mt and P im_mt are the equivalent torque and power caused by the motored IM.
Predictive Model of the Optimal Torque Distribution Strategy
With the use of the off-line PSOA, the optimization results were confirmed as shown in Figure 3 . A predictive model was created as shown in Eq.(7). For low load operations, the single-PMSM-drive mode is preferred (β = 0) to achieve optimal driving efficiency, while under middle to high load conditions, the DMDM takes priority over the SMDM to balance both economy and dynamic performance of the FRMDEV. Furthermore, the single-IM-drive mode is not allowed due to the lower driving efficiency of the IM under low load operations. The test results were achieved based on the dual-motor test platform shown in Figure 5 . Based on the optimization results of β shown in Figure 3 , the optimal torque distribution model was developed based on the radial basis function (RBF). Moreover, both the modeling precision and the predictive accuracy were calculated. The coefficient of determination (R 2 ) and the root-mean-square error (RMSE) were 0.986 and 0.017 respectively, which indicates that the torquedistribution-prediction model has high modeling precision. The RMSE PRESS (predicted residual sum of squares, PRESS) was about 0.018, which means that the developed torque distribution model can be used to predict the optimal torque distribution coefficient according to vehicle speed and required drive torque. Furthermore, as shown in Figure 4 , taking the cross-section of the predictive model (V is 41.56 km.h -1 and T d is 61.77 N.m) as an example, in this crosssection almost all of the sample points used for developing the predictive model are within the confidence interval (95%). Generally, the above discussion validates the feasibility of the developed model. 
The Low-Layer Torque Coordination Control Strategy
In this section, to develop a torque coordination control strategy aimed at improving mode-switch jerk, first, jerk during different switching modes was tested and analyzed. Then, the coordination control strategy was developed by controlling the changing rate of the torque distribution coefficient.
Mode-switch Jerk
As the theoretical mode-switch jerk model in Eq. (8) shows, the changing rate of the total torque output from the front and the rear transmission leads to mode-switch jerk.
where j is the mode-switch jerk. R is the vehicle wheel radius. i f and i r are the ratios of the front and rear transmission system. m is the vehicle mass. δ is the mass conversion factor.
Theoretically, there is little difference between the torque response times of the front and rear motors [14] . Consequently, for the FRMDEV discussed in this paper, since it is equipped with the same transmission on the front and rear axles, the theoretical jerk under various switch modes is close to 0 m.s -3 . However, affected by the actual response difference between the front and rear motors, the mode-switch jerk during various switching processes is considerable. Taking the given test condition (T d = 50 N.n, N = 500 r.min -1 ) as an example, based on the dual-motor test platform shown Figure 5 , the modeswitch jerk was tested under various switching modes.
As shown in Figure 6 , taking the switch comfort problem from the SMDM to the SMDM as an example, during the switching process from motor 1 to motor 2, the torque increase of motor 1 as region A shown in Figure 6 (b) is lower than the torque decrease of motor 2 as region B shown in Figure 6(b) , and the obvious difference of torque response between the two motors actually results in the switching jerk shown in Figure 6(a) . Furthermore, as the tested modeswitch jerk under various operations in Table 5 shows, the switch comfort problem from the SMDM to the SMDM is more serious than that from the DMDM to the SMDM. Given the above analysis, different from the theoretical switch-jerk model, torque coordination control is required to optimize the switch jerk of the FRMDEV under actual operations. 
Torque Coordination Control Strategy
To reduce the mode-switch jerk caused by the significant response difference between motor and engine in hybrid electric vehicles, complex control methods have been developed [11] [12] [13] . However, different from hybrid electric vehicles, for the FRMDEV as shown in Figure 5 , the difference of dynamic response to step control signal (β is from 0 to 1) between motor 1 and motor 2 results in switch jerk. To optimize the mode-switch jerk, the transfer function in Eq. (9) is proposed, which controls the changing rate of the single control variable (β):
Verification
A hardware-in-loop test platform and a test vehicle was developed to verify the drive control strategy proposed in this paper. The test results were analyzed.
Hardware-in-loop Test
The software part of the vehicle control strategy of the FRMDEV was developed based on Simulink/MotoHawk, as shown in Figure 7 . The control strategy mainly consists of the following parts: (1) a time-triggered module developed for setting the sampling step length of the control strategy; (2) an engineering definition module designed for defining the hardware resource, the communication protocol and the program compiling, etc.; (3) a signal input module developed for setting the CAN bus and sensor signals; (4) a vehicle control strategy module, including the power-on and power-off control, accessory control, drive control, etc.; (5) a signal output module designed for outputting the control, status and alarm signals.
Figure 7
The frame of the vehicle control strategy.
As shown in Figure 8 , referring to the start/stop, gear and pedal signals etc., the drive control module includes the top-layer torque distribution strategy aimed at optimal drive efficiency and the low-layer torque coordination control strategy designed for optimizing mode-switch jerk developed to output the control signals for the front and rear motors. To simplify the code development of the vehicle control strategy, a hardwarein-loop test platform was developed as shown in Figure 9 . RTS is short for realtime simulator, which is used to run the FRMDEV dynamic model and simulate the working condition of the FRMDEV. The VCU was used to download the code of the control strategy developed on the host computer and achieve vehicle control.
Figure 9
The hardware-in-loop test platform.
Based on the hardware-in-loop test platform, the drive control strategy developed above was tested under the NEDC drive cycle, as shown in Figure  10 (a). Referring to the test result shown in Figure 10 , the following can be concluded.
First of all, as shown in Figure 10 (a), the deviation between the actual speed and the desired speed was very small, which indicates that the developed vehicle control strategy is feasible. Secondly, as shown in Figure 10 (b), based on the predictive torque distribution strategy modeled in the form of RBF, the FRMDEV can operate under the single-PMSM-drive mode and the DMDM for urban and suburban conditions respectively, which means the predictive torque distribution strategy can balance both real-time performance and energyefficiency optimality. Furthermore, as shown in Figure 10 (c), compared with the original EV driven by a single motor on the front shaft, under the NEDC drive cycle, lower energy consumption was achieved owing to the top-layer predictive torque distribution strategy. The energy consumption was reduced by 6.51% compared with the original EV. As shown in Table 6 , in comparison with the FMDEV, the ratio coefficient of the FRMDEV operating under high-efficiency condition (＞ 90%) increased 124.8%, while the ratio coefficient of the FRMDEV operating under lowefficiency condition (＜ 80%) decreased 76.7%. The economy of the FRMDEV was improved significantly based on the predictive torque distribution strategy proposed in this paper. 
Vehicle Test
As shown in Figure 11 , an FRMDEV was developed to test the developed drive control strategy. With the use of CANape, the statuses of the FRMDEV, front motor, rear motor and battery were obtained. As the test results in Figure 12 show, for the given acceleration and cruise conditions, the developed drive control strategy was able to achieve the single-PMSM-drive under low load conditions and the dual-motor-drive mode under high load conditions (acceleration conditions). Consequently, both economic optimization under low load conditions and dynamic satisfaction under high load conditions were achieved.
Figure 11
The test FRMDEV.
Figure 12
The test results based on the FRMDEV.
Furthermore, compared with the drive control strategy without low-layer torque coordination control strategy, the developed drive control strategy could achieve significant improvement of mode-switch jerk. As shown in Figure 12 , for the given test operation, the mode-switch jerk was reduced by 59.3% owing to the use of the low-layer torque coordination control strategy.
Conclusions
In this study, a drive control strategy for an FRMDEV that can balance both economy and mode-switch comfort was investigated. When the FRMDEV operates under the single-motor-drive mode, the motored motor actually wastes driving energy. Consequently, an optimization program aimed at optimal driving efficiency needs to take the motored loss into account. In the modeswitch process, by controlling the changing rate of the torque distribution coefficient, mode-switch jerk caused by the dynamic response difference of the motor intervening drive and the motor exiting drive can be reduced significantly. The proposed drive control strategy for the FRMDEV consists of a top-layer torque distribution aimed at economy optimization and low-layer torque coordination with the goal of jerk optimization. It was proven to be effective in improving the driving performance of the FRMDEV.
The obtained conclusions are as follows:
1) Commonly, torque distribution models based on a rule algorithm have strong real-time performance but with low drive efficiency. In contrast, torque distribution models based on an optimization algorithm can achieve higher drive efficiency but with poor real-time ability. The torque distribution model based on the response surface method and RBF proposed in this paper was verified to be able to balance both drive efficiency and real-time ability, which provides a new method for the development of drive control.
2) The non-work motor under SMDM showed significant influence on system loss. A fitness function designed for optimization of the torque distribution should consider this effect. Compared with the original front-motor-drive EV, the proposed torque distribution strategy reduced energy consumption by 6.51% under the NEDC drive cycle.
3) Based on the analysis of the test result of mode-switch jerk, a torque coordination strategy controlling the variation rate of the torque distribution coefficient was developed and verified. Mode-switch jerk was reduced by 59.3%. The comfort of the FRMDEV was improved significantly based on the coordination control strategy proposed in this paper.
